SUMMARY
DESCRIPTION OF PROBLEM
This paper will examine the development of defense mechanisms in the digestive tract of the chicken with emphasis on the gut-associated lymphoid tissue (GALT), briefly reviewing the development of humoral-and cell-mediated functions and proceeding to less specific defense mechanisms.
The Avian Digestive Tract
The digestive tract of the chick includes an expansion of the esophagus, which forms a crop and the proventriculus or glandular stomach and gizzard or muscular stomach. The small intestines include a duodenal loop enclosing the pan- 1 This paper was written by David Sklan, who passed away on September 1, 2004 . Correspondence related to this manuscript should be addressed to Yael Noy (yael@miloubar.co.il).
creas and a jejunum and ileum. The end of the jejunum is defined by Meckel's diverticulum, the remnant of the attachment of the yolk stalk. At the end of the ileum, muscular ileocecal valves control the entrance to 2 prominent ceca that discharge into a short large intestine, which empties into the cloaca. The cloaca contains a dorsal diverticulum in the proctodeal region termed the bursa of Fabricius.
Chick Primary Immune Organs
The primary lymphoid organs in birds include the thymus and the bursa of Fabricius, the former being the site of diversification of the Tcell receptor and the latter the site of B-cell receptor gene rearrangement [1] . Both of these organs undergo age-related changes developing during incubation and involuting in later life. The lymphocytes from the thymus and bursa then migrate to secondary lymphoid organs, such as the spleen and mucosal-related lymphoid organs [2] . Prebursal stem cells migrate via the blood supply from the splenic anlage and seed the bursa between d 10 to 15 of incubation. These cells proliferate and form bursal follicles. Gene conversion is initiated between d 15 and 18 of incubation resulting in the creation of a diversified Ig repertoire. B cells with diversified surface Ig begin to leave the bursa about the time of hatching and migrate to the periphery [3] . In posthatch broilers bursal size increases from 2% of BW at hatch to approximately 3% at 21 d before regressing. Bursal cells show high proliferative activity at hatch, which is curtailed when chicks do not have access to feed [4] . Antigens can be sampled from the cloaca and transferred via the bursal canal to the bursal lumen [5, 6] , and thus the bursa acts as a primary and a secondary lymphoid organ [7] .
Chicken GALT
Cross Sectional Organization. The luminal intestinal lining has a structure composed of villi with differing dimensions according to intestinal location. The villus lining is covered by simple columnar epithelium composed mainly of enterocytes bearing microvilli (brush border) and a lesser number of mucus secreting goblet cells. In the villi 2 regions are observed: the lower crypt area where proliferation occurs and the upper portion, which is also populated by intraepithelial lymphocytes (IEL). The brush border is protected externally by mucosal secretions and from within by penetrating IEL. [12] , the cell type responsible for their secretion is presently unknown as Paneth cells appear to be scarce or absent in birds [13] . The main source for antibacterial substances in chicks might be macrophages or heterophils rather than typical mammalian-type Paneth cells [14, 15, 16] . The lamina propria, in chicks as in mammals, contains a mixture of immune cells of all types, including plasma cells, effector T lymphocytes and memory lymphocytes [17] .
An additional site of B-cell development in the intestines of mammals are Peyer's patches, and similar tissue has been reported to be in the chick intestine [18, 19] . Although these areas are smaller in size, the structure of these is reminiscent of the mammalian Peyer's patch: specialized lymphoepithelium containing M cells, underlying macrophages and dendritic cells [20, 21] , and a follicular structure with lymphocyterich T and B niches in which the cells undergo division and differentiation. The marginal zones of the follicles contain macrophages and effector lymphocytes of all types [17] .
The chicken's foregut is relatively poor in lymphoid tissue organized as follicles, apart from Meckel's diverticulum [18, 22] , whereas intraepithelial lymphocytes and lymphoid cells in the lamina propria are abundant throughout the gut [9, 10]. Distal to the ileocecal junction, numerous lymphoid follicles appear, in which the major follicles, known as the cecal tonsils, are located in the ceca slightly above the junction. Other follicles are located at the apical and distal portions of the ceca [23, 24] . The colon is devoid of lymphoid follicles, but these become abundant again in the bursal canal where the mucosal and submucosal regions are heavily populated by lymphoid follicles.
Longitudinal Organization
The GALT is confronted with 2 types of antigenic molecules: a) innocuous antigens that are nutrients and as such should not evoke immune responses and b) antigens derived from intestinal or external pathogens that should evoke protective immune responses. Thus, the balance between response and tolerance in the gut must be finely tuned and depends to a great deal on the interaction between immune cells and those of the gut parenchyma [25] . The gut luminal contents include feed in various stages of digestion and, in addition, varying numbers of bacteria.
The chick proximal small intestine contains approximately 10 6 cfu/g composed of similar proportions of aerobes and anerobes with mainly the anerobic population increasing to 10 11 to 10 12 cfu/g in the cecum [26, 27, 28] . However, at hatching the gut of chicks is almost sterile and bacterial populations develop rapidly, originating from bacteria ingested orally [28] or rectally [25] . Thus, in the chicken the major mass of microflora occurs in the distal intestine. This is due to the presence of hindgut fermentation organisms such as cellulose and uric acid degrading bacteria in the ceca [24] and to the influx of bacteria via the cloaca by means of retrograde peristalsis [29] . The retrograde movement from the cloaca and ceca has several functions. One is a means of extending water reabsorption from kidney secretions excreted to the cloaca and, in addition, provides a route of transport for antibodies secreted via the bursal canal originating in the bursa of Fabricius and bursal canal lymphoid follicles. Furthermore, this provides a route by which external bacteria are sampled via the rectum. Development of lymphoid follicles in the avian gut is associated with gut colonization by microflora [30] .
Intestinal Development
During the immediate posthatch period dramatic changes occur in the small intestines of chicks. The small intestines continue to increase in weight more rapidly then the whole body mass. This rapid relative growth of the small intestines was maximal at 6 to 8 d in the poult and at 6 to 10 d in the chick [31] . The preferential early growth of the small intestine occurs in the presence and in absence of feed although in the absence of exogenous feed both absolute and relative growth is lower [32] . Immediately posthatch the small intestinal enterocytes increase rapidly in length and develop a pronounced polarity and defined brush border. Within hours posthatch crypts begin to form at the base of the villi and become well defined by 2 to 3 d. The number of cells per crypt increases rapidly in the first 48 h posthatch in the fed-chick and the rate of growth begins decreasing after 48 h [33] . Measurements of the small intestinal mucosa indicated that villus height increased rapidly posthatch and reached a plateau at 6 to 8 d in the duodenum and after 10 d or more in the jejunum and ileum in chicks. Total segment surface area increased in all small intestinal segments in parallel until 3 d posthatch after which the jejunal surface area continued to increase more rapidly than that of the duodenum and ileum [31, 34] .
GALT Development
Fewer reports address the development of the GALT in chickens, although some information is available in light strains. Peyer's patches were detected by Kajiwara et al. [19] in the 13-d embryo, close to the ileocecal junction and to Meckel's diverticulum in White Leghorns, whereas Befus et al. [18] only observed Peyer's patches at 1.5 wk posthatch with numbers increasing to 2 to 6 Peyer's patches in 6 to 12 wk-old layers. Rudimentary cecal tonsils were observed in White Leghorn hatchlings [19] , and these increased to adult size by d 4 posthatch, although the lymphocyte population was sparse at this age [35] . Lymphocyte numbers increased exponentially, with TCRαβ and CD4 + T cells predominating at 14 d, increasing numbers of CD8 + cells at d 21, and B cells predominating by d 42 [35] . Jeurissen et al. [36] examined the numbers of lymphocytes in Meckel's diverticulum in White Leghorn chicks, and these increased exponentially with few lEL found at hatch, a 3-to 5-fold increase by 5 d, followed by a 10-fold increase by 14 d, and an increase of an additional order of magnitude by 40 d. In the broiler small intestine numbers of lEL in the villus epithelium follow a similar pattern with few lEL found at hatch and numbers increasing after 12 d [37] .
Studies have been carried out determining the ontogeny of intestinal lymphocyte function in the broiler. Gut lymphocyte colonization by natural killer and T lymphocytes was followed by determining expression of mRNA for CD3γδ and functional maturity of the T-cell population was estimated from expression of mRNA for interleukin (IL)-2 of effector cells by expression of mRNA for interferon (IFN)-γ and of B lymphocytes by expression of mRNA for Bu-l [38]. This finding indicated that CD3γδ expression was low at hatch and began to increase after 4 d in the small and large intestines and continued to increase until 12 d. Expression of mRNA for IL-2 and IFNγ increased more slowly with major enhancement of expression between 6 and 12 d. Patterns of expression were similar in both small intestine and ceca. Expression of mRNA for Bu-1, was low at hatch and increased after 6 d posthatch with the small intestinal increase preceding that in the ceca [38] . Thus, the intestines are colonized with increasing numbers of lymphocytes from 4 to 6 d posthatch and these lymphocytes appear to begin to mature during the second posthatch week.
Humoral Responses
It is relevant to examine at which point a response to antigen challenge is generated in poultry. Broilers challenged systemically produced a significant humoral response when challenged at 12 d posthatch but not at d 7 or before [39] . This lag in production of a humoral response was attributed to immaturity mainly of the secondary immune organs. GALT responses to antigen challenge have also been determined in broilers, and these studies have indicated that challenge by oral or rectal antigens induced an antibody response when administered between 8 and 12 d posthatch, but no response was observed when challenged earlier [38] . Thus, it appears that the GALT humoral responses develop at about the same time as the systemic responses during the second posthatch week.
A large pool of IgA antibodies is produced by plasma cells in the mucosal lamina propria. This dimeric IgA is transferred through the epithelium due to the existence of a specific receptor mediated transport system. The polymeric immunoglobulin receptor (plgR) binds molecules of immunoglobulin, which are composed of more than a single 4-chain immunoglobulin subunit including IgA and IgM. The plgR is synthesized by enterocytes and is located on the basolateral plasma membrane binding locally produced IgA and IgM. The plgR-Ig complex is then transcytosed to the apical surface of the enterocyte where the plgR is proteolytically cleaved releasing IgA bound to the external domain of the plgR into the brush border region [40] . IgA can exert luminal effects and can also inhibit virus production by intracellular actions. Thus, the presence of IgA secretions at the apical epithelial surface can provide a powerful defense against luminal pathogens [41] . Little is known concerning the ontogeny of IgA secretions in poultry; however, IgA secreting plasma cells were not observed in the lamina propria until 10 d posthatch [37] .
Both macrophages and natural killer cells are considered to be among the early lines of immunological defense. Little is known concerning the development of naturalkiller cell activity in poultry; however, macrophage phagocytic activity has been reported on d 12 of incubation in liver and d 16 of incubation in spleen. Both chickens and poults are capable of performing phagocytotic functions at hatch [42, 43] .
Barrier Defenses
A less specific barrier against external pathogens is provided by the mucus layer, which is secreted by the goblet cells. This mucus matrix that is formed by the mucin glycoproteins also contains IgA transcytosed from the lamina propria and other antimicrobial substances [12, 44] . The mucus layer acts as a protective barrier and as a medium in which digestion and absorption processes occur close to the brush border membrane. The concentrations of the major mucus component, mucin, are determined by the net result of mucin synthesis, secretion, and degradation. Presence of this mucus layer prevents bacterial translocation [45] , because in order to cause damage, gut pathogens must pass this mucus layer before adherence to and invasion of the epithelial cells.
Goblet cells contained only acidic mucin in the embryonic intestine, whereas goblet cells also containing neutral mucin were first observed at hatch. Posthatch, villus size increased dramatically and, hence, the numbers of goblet cells; however, the proportion and density of goblet cells increased only slightly with age. An increasing gradient of goblet cell density is observed from duodenum to ileum [46] .
Studies have shown various interactions between intestinal mucin and intestinal microflora. Mucin may act as a nutrient source for many intestinal organisms, thus, some of the diverse bacterial species may utilize polysaccharides derived from mucin [47] . Recently, Gusils et al. [48] showed that Lactobacillus adhere to purified chicken intestinal mucin and, Jonsson et al. [49] reported that the presence of mucin in the growth medium initiates mucin binding properties in several strains of Lactobacillus. Other studies have described mucin as a site for bacterial adhesion [50] , with subsequent competition between pathogenic and beneficial bacteria [51, 52] . A further aspect of bacterial-mucin interactions is involvement of the intestinal microbiota in mucin turnover by stimulating both mucin gene expression [53, 54, 55] , and by producing mucin-degrading enzymes [56, 57, 58] . Mucin dynamics in the small intestine is altered by dietary manipulations such as starvation and changes in the intestinal microbiota [46] . Thus the mucin layer is dynamic and interacts with luminal bacteria both preventing bacterial trans-CONCLUSIONS AND APPLICATIONS location and providing a substrate for growth. These interactions are important because "crosstalk" between the luminal microbiota and the GALT occurs continuously. Recent studies in humans indicate that commensal anerobic gut bacteria are important in attenuating inflammation by specifically interacting with the GALT [59] . Thus signals from bacteria to host epithelial cells should result in a coordinated appropriate response of immunocompetent cells.
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